Cathepsins (CTSB and CTSL1) and their inhibitor, cystatin C (CST3), remodel uterine endometrium and placenta for transport of gases, micronutrients, and macromolecules essential for development and growth of the conceptus (embryo/fetus and placental membranes). We examined the temporal/spatial control of expression for CTSB, CTSL1, and CST3 mRNAs in endometria and placentae of pigs using three developmental models: 1) pigs were hysterectomized during the estrous cycle or pregnancy; 2) cyclic pigs were injected with estrogen to induce pseudopregnancy and were hysterectomized; and 3) pigs were ovariectomized, injected with progesterone, and hysterectomized. The abundance of CTSB, CTSL1, and CST3 mRNAs increased in endometrial epithelia during pregnancy and in response to exogenous progesterone but not estrogen. CST3 was also expressed in cells scattered within the stratum compactum stroma. Progesterone decreased epithelial but increased stromal compartment expression of CST3. CTSB increased in all chorionic epithelia, but CTSL1 was limited to chorionic epithelia that form areolae to absorb secretions from uterine glands. Based on the placental and endometrial distribution of CTSL1, we examined expression in the neonatal enterocytes known to transport immunoglobulins from colostrum. CTSL1 was also expressed in enterocytes of intestine from neonatal piglets. Therefore, CTSL1 is expressed by endometrial epithelia, placental areolae, and neonatal intestine, and it may function in the transport of macromolecules across these epithelia. Our results support the idea that reciprocal interactions between CSTL1, CTSB, and CST3 may be required to remodel endometrial and placental tissues for close apposition between maternal and fetal vasculatures and to facilitate transplacental transport of gases, micronutrients (amino acids, glucose), and macromolecules (proteins). Cysteine proteases and their inhibitors may also specifically modify proteins for successful utilization and fluidphase transport across uterine, placental, and neonatal gut epithelia.
INTRODUCTION
A primary function of the placenta is the transplacental exchange of gases, micronutrients (amino acids, glucose), and macromolecules (proteins), as well as the production of hormones, cytokines, and other regulatory molecules that affect growth and development of the conceptus (embryo/fetus and associated placental membranes) throughout gestation [1] . In all mammals, placentation initiates with implantation that includes specialized cell adhesion and cell migration, leading to attachment of conceptus trophectoderm (Tr) to the uterine luminal epithelium (LE) [2] [3] [4] [5] . Once attached, maternal and fetal blood must be brought into close apposition to allow for transplacental exchange of molecules while maintaining separation of the maternal and fetal circulatory systems. Endometrial and placental tissues are remodeled to achieve areas of reduced interhemal distance regardless of whether the placenta is epitheliochorial, synepitheliochorial, endotheliochorial, or hemochorial [6] . Extensive remodeling to form chorionic (placental) ridges and corresponding endometrial invaginations results in folding that further increases the area of uterine-placental association. Indentation of the LE and Tr by underlying capillaries further reduces the distance between maternal and fetal blood, providing a short diffusion distance across the placenta [1] . Although details of how this juxtaposition of microcirculations is achieved differ among species and the type of placenta formed, proteases and protease inhibitors of all classes have the potential to contribute to implantation and placentation [7] .
Placentation is epitheliochorial in pigs because uterine LE remains intact throughout pregnancy. Porcine placental Tr directly attaches to the LE, and these epithelia serve as the conduit for maternal hematotrophic and histotrophic support for conceptus growth and development [8] . There is progressive interdigitation of microvilli on Tr and LE that eventually covers the entire placenta, except at the openings of uterine glands. Here, the Tr never fuses with LE; rather, it forms a pocket referred to as an areola. Here, secretions from superficial glandular epithelia (sGE) and deep uterine glandular epithelia (GE), as well as molecules representing selective transudation from maternal serum into uterine glands and LE, are absorbed and transported across the chorioallantoic placenta by fluid-phase pinocytosis for release into the fetal circulation [9, 10] . The placenta of each piglet in a litter has about 2500 areolae, and their number is correlated with fetal weight [11] .
A wide variety of proteases and their inhibitors regulate endometrial remodeling and Tr invasion in many species during placentation [12, 13] . The cysteine proteases and their inhibitors in particular have been linked to implantation/placentation in rodents and sheep [14] [15] [16] [17] . Indeed, many invasive and metastatic cells show increased expression of cysteine proteases and aberrant expression of their protease-associated inhibitors, suggesting possible roles in regulating invasion of cells, including invasion of Tr into the uterine wall [7, 18] . Cathepsins B (CTSB) and L (CTSL1) are lysosomal cysteine proteases that can induce apoptosis, degrade extracellular matrix (ECM), catabolize intracellular proteins, and process prohormones into active forms [19] . CTSBs, and particularly CTSL1, are most effective in degrading collagen IV, elastin, laminin, and fibronectin, which could explain dissolution of the basement membrane in vivo during implantation in species with invasive implantation [20] [21] [22] [23] [24] . In general, cysteine proteases are controlled by members of the cystatin family. Cystatin C (CST3) is a low-molecular weight-secreted protein that inhibits CTSB and CTSL [25] . It has been proposed that LE, Tr, stromal fibroblasts, and decidual and endothelial cells within the uterine-placental microenvironment separately and temporally secrete cysteine, serine, and matrix metalloproteases (MMPs), as well as their respective inhibitors, to regulate breakdown of ECM and activate or inactivate other bioactive molecules involved in placentation [7] . For example, CTSB can activate MMP3, whereas CTSL1 can cleave pro-urokinase plasminogen activator (uPA) into the active form [26, 27] . Alternatively, inactive precursors of these cathepsins can be activated by MMPs [28] . Available results suggest that reciprocal interactions between proteases and their inhibitors regulate endometrial remodeling for uterine receptivity, trophoblast invasion, and transport of gases, micronutrients and macromolecules essential for development and growth of the conceptus.
CSTL1 protein is localized to the deep GE, and both the protein and its proteolytic activity are present in uterine flushings of cats [29, 30] . In sheep, CTSL1 mRNA is highly expressed in LE and sGE, where it is induced by progesterone (P4) and further stimulated by interferon tau (the pregnancy recognition signal in sheep) [15, 17] , and pro-CTSL1 is detectable in uterine flushings of early pregnant ewes [15] . CTSB and CST3 are also prominent at the uterine-placental microenvironment of sheep. CST3 has a similar pattern of expression to CTSL1, whereas CTSB mRNA is expressed in Tr/chorion, with expression more abundant in placentomes than interplacentomal regions of the chorion [15] [16] [17] . In rodents, CTSB, CTSL1, and CST3 play important roles in normal embryonic development and uterine decidualization. CTSB and CTSL1 have been localized to mural trophoblast giant cells surrounding the implantation site. In contrast, CST3 is present in the peripheral decidual cells prior to implantation, localized in close proximity to the blastocyst during implantation, and then later upregulates with CTSB in the regressing decidua. Moreover, injections of synthetic inhibitors of CTSB and CTSL1 result in implantation failure [14] . Cysteine proteases and their inhibitors have also been implicated in human placentation. CTSB, CTSH, CTSK, CTSL1, and CTSS are produced by LE of proliferative-and secretory-phase human endometria [31] . Indeed, CTSB expression is increased in uterine epithelia, and CST3 is decreased in serum of women with recurrent spontaneous abortion [32] .
The endometrium of pigs is uniquely regulated through interacting effects of P4 from the corpus luteum (CL) and estrogens from the conceptus, with estrogen (E2) being the pregnancy recognition signal [33] [34] [35] . There is only a single report showing P4-induced expression of CTSL1 in the LE and GE of the uterine-placental microenvironment of a true epitheliochorial species (i.e., pigs), and these data are limited to the period of implantation [36] . Further, there is only a single report of increases in aminopeptidases in epithelia of the intestine of neonatal piglets during the period of absorption of immunoglobulin G (IgG) for establishment of passive immunity [37] . However, proteases such as MMPs are required for endocytosis of proteins [38] , and activities of the cathepsins and cystatins include activation of MMPs. Therefore, these studies were conducted to determine temporal and cell-specific changes in expression of CTSB, CTSL1, and CST3 genes within uteri and placentae throughout pregnancy and in Day 1 neonate intestine in pigs. Further, possible regulation of CTSB, CTSL1, and CST3 by estrogens from conceptuses and P4 from CL were examined using established models of pseudopregnancy and ovariectomized pigs subjected to hormone replacement therapy with exogenous P4 [39] .
MATERIALS AND METHODS

Animals and Tissue Collection
Sexually mature gilts of similar age, weight, and genetic background were observed daily for estrus (Day 0) and exhibited at least two estrus cycles of normal duration (18-21 days) before being used in these studies. All experimental and surgical procedures were in compliance with the Guide for Care and Use of Agricultural Animals in Teaching and Research and approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Experimental Design
Study one. To evaluate the effects of pregnancy on expression of CTSB, CTSL, and CST3, gilts were assigned randomly to either cyclic or pregnant status. Those in the pregnant group were bred when detected in estrus and 12 and 24 h thereafter. Gilts were ovariohysterectomized on either Day 9, 12, or 15 of the estrous cycle or on Day 9, 12, 13, 14, 15, 20, 25, 30, 35, 40, 60 , or 85 of pregnancy (n ¼ 3-4 pigs per day per status). For confirmation of pregnancy prior to implantation, the lumen of each uterine horn was flushed with 20 ml of physiological saline on Days 9-15 of pregnancy and examined for the presence of morphologically normal conceptuses. Uteri from gilts on Days 9-15 of the estrous cycle were processed in the same way.
Study two. To evaluate the effects of E2 and E2-induced pseudopregnancy (i.e., long-term maintenance of CL and P4 stimulation of the uterus) on uterine CTSB, CTSL, and CST3 expression, gilts were detected in estrus (Day 0) and assigned randomly to receive i.m. injections daily of estradiol benzoate (E2 in corn oil [CO] n ¼ 7) or CO alone (n ¼ 4) on Days 11, 12, 13, and 14 of the estrous cycle. Four CO-and four E2-treated gilts were ovariohysterectomized on Day 15, and the three remaining E2-treated gilts were ovariohysterectomized on Day 90 of pseudopregnancy.
Study three. To evaluate the effects of long-term P4 treatment without effects of exogenous E2 on uterine CTSB, CTSL, and CST3 expression, gilts were ovariectomized on Day 12 of the estrous cycle and assigned randomly to receive daily injections (i.m.) of either 4 ml of CO or 200 mg of P4 (200 mg in 4 ml of CO) on Days 12 through 39 after estrus (n ¼ 4 per treatment). All gilts were hysterectomized on Day 40 after estrus. In each study, several sections (;0.5 cm) from the middle of each uterine horn were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2) and embedded in Paraplast-Plus (Oxford Laboratory, St. Louis, MO). The remaining endometrium was physically dissected from the myometrium, frozen in liquid nitrogen, and stored at À808C for RNA extraction.
Study four. Based on the placental areolar distribution and likely role of CTSL1 in supporting transport of secretory proteins to fetal vasculature and the ability of the fetal and neonatal pig intestine to absorb large proteins, the distribution of CTSL1 mRNA in neonatal enterocytes was examined. Three neonatal piglets were obtained immediately after spontaneous birth, and intestines were removed and processed as above.
RNA Isolation
Total cellular RNA was isolated from endometrial tissue samples using Trizol reagent (Invitrogen, Carlsbad, CA) according to manufacturer's recommendations. The quantity and quality of total RNA were determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Cloning of Partial cDNAs for Porcine Endometrial CTSB, CTSL1, and CST3
Partial cDNAs for porcine CTSB, CTSL1, and CST3 mRNA were amplified by RT-PCR using total RNA from Day 15 pregnant porcine endometrial tissues by specific primers (Table 1) as described previously [15, 17] . The PCR amplification was conducted as follows for porcine CTSB, CTSL1, and CST3: 1) 958C for 5 min; 2) 958C for 45 sec, 56.58C (CTSL) or 59.18C (CTSB, CST3) and 728C for 1 min for 35 cycles; and 3) 728C for 10 min. The partial cDNAs of the correct predicted size were cloned into pCRII using a T/A Cloning Kit (Invitrogen), and the sequence of each was verified using an ABI PRISM Dye Terminator Cycle Sequencing Kit and ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems).
Slot Blot Hybridization Analyses
Steady-state levels of mRNA in porcine endometria were assessed by slot blot hybridization as described previously [40] . Radiolabeled antisense cRNA probes were generated by in vitro transcription using linearized plasmid template, RNA polymerases, and [a-32 P]-UTP. Denatured total endometrial RNA (20 lg) from each gilt was hybridized with radiolabeled cRNA probes. To correct for variation in total RNA loading, a duplicate RNA slot membrane was hybridized with radiolabeled antisense 18S cRNA (pT718S; Ambion, Austin, TX). After washing, the blots were digested with ribonuclease A and radioactivity associated with slots quantified using a Typhoon 8600 MultiImager (Molecular Dynamics, Piscataway, NJ). The mRNA levels were expressed as least square means of relative units (RU) counts per minute with overall SEM, and differences in sample loading were normalized using 18S rRNA.
In Situ Hybridization Analyses
Cell-specific expression of mRNAs in sections (5 lm) of the porcine uterine endometria was determined by radioactive in situ hybridization analysis as described previously [41] . Radiolabeled antisense or sense cRNA probes were generated by in vitro transcription using linearized plasmid template, RNA polymerases, and [a- 35 S]-UTP. Deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with radiolabeled antisense or sense cRNA probes. After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion (Kodak, Rochester, NY) and exposed at 48C for 7-10 days. Slides were developed in Kodak D-19 developer, counterstained with Gill hematoxylin (Fisher Scientific, Fairlawn, NJ), and then dehydrated through a graded series of alcohol to xylene. Coverslips were then affixed with Permount (Fisher Scientific). Digital images of representative fields were recorded under brightfield or darkfield illumination and were evaluated using an Axioplan 2 microscope (Carl Zeiss, Thornwood, NY) interfaced with an Axioplan HR digital camera and Axiovision 4.3 software. Photographic plates were assembled using Adobe Photoshop (version 6.0; Adobe Systems Inc., San Jose, CA).
Immunohistochemical Analyses
Immunocytochemical localization of immunoreactive CTSB, CTSL1, and CST3 proteins in the porcine uterus was performed as described previously [15, 16] in uterine tissue cross-sections from study one using: 1) rabbit anti-rat CTSB polyclonal IgG (catalog no. 06-480; Upstate Biotechnology, Lake Placid, NY) at 1 lg/ml; 2) rabbit anti-human CTSL polyclonal IgG (catalog no. 3192-100; BioVision, Mountain View, CA) at 1 lg/ml; and 3) rabbit antihuman CST3 polyclonal IgG (catalog no. 06-458; Upstate Biotechnology) at 0.5 lg/ml. Antigen retrieval for CTSB and CTSL1 was performed by using boiling citrate buffer, and for CST3 it was performed using pronase E digestion as described previously [15, 16] . Negative controls included substitution of the primary antibody with nonimmune rabbit IgG (Sigma Chemical Co., St. Louis, MO) at the same final concentration.
Statistical Analyses
All quantitative data were subjected to least-squares regression analyses (ANOVA) using the general linear models procedures of the Statistical Analysis System (SAS Institute, Cary, NC). Slot blot hybridization data were corrected for differences in sample loading using the 18S rRNA data as a covariate. Data from study one were analyzed for effects of day, pregnancy status (cyclic or pregnant), and their interaction. Effects of day were determined by regression analysis. For all other studies, effects of treatment were determined by preplanned orthogonal contrasts. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. Data are presented as least squares means with overall SEM.
RESULTS
The Lysosomal Cysteine Protease, CTSB, Is Expressed in Chorionic Epithelium and Is Upregulated by P4 in Endometrium Steady-state levels of uterine CTSB mRNA in cyclic and pregnant pigs was determined by slot blot hybridization analysis (Fig. 1A) . In cyclic gilts, steady-state levels of CTSB mRNA were low in the uterus and unaffected by day of the estrous cycle. In pregnant gilts, steady-state levels of CTSB mRNA were not different from those of corresponding days of the estrous cycle and remained low through Day 25 of pregnancy. However, CTSB mRNA increased 6.5-fold by Day 60 of pregnancy (P , 0.001; Fig. 1A ) and remained abundant on Day 85 of gestation (Fig. 1A) .
In situ hybridization analysis localized CTSB mRNA to endometrial LE, GE, and stroma cells between Days 12 and 15 ( Fig. 1B) of the estrous cycle and pregnancy. In pregnant gilts, CTSB mRNA was abundant in conceptus Tr/chorionic epithelium by Day 20, and expression remained high in the placenta through Day 85 of pregnancy (Fig. 1B) . CSTB mRNA was also expressed in the uterine LE and GE, and expression was maintained through Day 85 of pregnancy. Levels of CSTB FIG. 2 . The lysosomal cysteine protease, CTSL1, is expressed by areolae of the chorionic epithelium (CE) and is upregulated by progesterone in endometrium. A) Steady-state levels of CTSL1 mRNA in endometria from cyclic and pregnant pigs were not affected (P . 0.10) by day or pregnancy status. B) In situ hybridization analysis of CTSL1 mRNA in uteri of cyclic (C) and pregnant (P) pigs indicated that expression was abundant in CE of placental areolae (AE), which transfer secretions from uterine glands across the placenta and into the fetal circulation. The bottom panels are expanded brightfield and darkfield views of the uterine LE-placental CE interface at the site of an areola on Day 60 of pregnancy. C) Immunoreactive CTSL1 protein was 858 SONG ET AL.
were not as high in uterine LE as in Tr/chorion of placentae (Fig. 1B) .
Consistent with temporal and cell-specific expression of CSTB mRNA, CTSB protein was localized predominantly to Tr/chorion of placentae after Day 20 of pregnancy (Fig. 1C) . However, lower levels of CTSB protein were detected in uterine LE and GE of cyclic and pregnant gilts (Fig. 1C) .
To evaluate the effects of pseudopregnancy (long-term effects of P4) on CTSB mRNA expression in endometria of pigs, study two was conducted using an E2-induced, pseudopregnant pig model [34] . As illustrated in Figure 1D , steady-state levels of CTSB mRNA were not different between pigs treated with CO alone and E2 to induce pseudopregnancy on Day 15 after onset of estrus (CO alone vs. E2 alone, P . 0.10). However, CTSB mRNA decreased about 2-fold (P , 0.05) in gilts on Day 90 compared with Day 15 of pseudopregnancy (Fig. 1D) . In situ hybridization analysis revealed that uterine CTSB mRNA was detectable at low levels in uterine LE, GE, and stroma of both control and pseudopregnant gilts, similar to levels between Days 9 and 15 of the estrous cycle and pregnancy (Fig. 1, B and D) .
To evaluate effects of long-term P4 treatment in the absence of E2 on uterine CTSB mRNA expression, gilts were ovariectomized on Day 12, when concentrations of circulating P4 from the CL are greatest during the estrous cycle, and then they were treated daily with i.m. injections of P4 or CO from Days 12 through 39 and hysterectomized on Day 40. As illustrated in Figure 1E , long-term treatment of pigs with P4 increased CTSB 18.3-fold (P4 alone vs. CO alone, P , 0.01) in the endometrium (Fig. 1E) , and in situ hybridization localized CTSB mRNA to LE of P4-treated pigs (Fig. 1E) .
Collectively, these results demonstrate that the lysosomal cysteine protease, CTSB, is expressed abundantly by the placental chorion at its interface with uterine LE during pregnancy and that long-term effects of P4 may increase CTSB in endometrial LE after Day 30 of gestation.
The Lysosomal Cysteine Protease, CTSL1, Is Expressed by Areolae of the Chorionic Epithelium and Is Upregulated by P4 in Endometrium Steady-state levels of uterine CTSL1 mRNA, as determined by slot blot hybridization analysis ( Fig. 2A) , were not affected by day of the estrous cycle or pregnancy or pregnancy status (day, pregnancy status, and their interaction, P . 0.10; Fig.  1A ) through Day 15 after onset of estrus, but they were maintained at similar levels to Day 85 of pregnancy.
In situ hybridization analysis localized CTSL1 mRNA to uterine LE and GE of both cyclic and pregnant gilts (Fig. 2B ) through Day 15 after onset of estrus. Expression tended to increase in LE on Day 15 of pregnancy (Fig. 2B) , and by Day 20 of pregnancy, CSTL1 mRNA was highly expressed in uterine LE and conceptus Tr. By Day 30 of pregnancy, CTSL1 mRNA was expressed specifically in the chorionic epithelia of the areolae but not in the chorion between the areolae (Fig.  2B) . Accordingly, CTSL1 protein was also localized specifically to chorionic epithelium of placental areolae (Fig. 2C) , and immunoreactive CTSL1 was evident in uterine LE and GE of pregnant gilts (Fig. 2C) .
Steady-state levels of CTSL1 mRNA were not different in endometria from pigs treated with CO or E2 to induce pseudopregnancy on Day 15 after onset of estrus (CO alone vs. E2 alone, P . 0.10; Fig. 2D ) or between Days 15 and 90 of pseudopregnancy (P . 0.10; Fig. 2D ). In situ hybridization analysis revealed that CTSL1 mRNA was present in endometrial LE and GE of pigs treated with both CO and E2 on Day 15, but the abundance of mRNA tended to decrease in uterine LE of gilts on Day 90 of pseudopregnancy (Fig. 2D) . However, CTSL1 mRNA increased 15.1-fold (P , 0.01) in endometria of pigs treated long term with P4 compared with CO (Fig. 2E) , predominantly in endometrial LE and GE (Fig. 2E) .
Collectively, these results indicate that the lysosomal cysteine protease, CTSL, is expressed by uterine endometrial LE and GE of cyclic and pregnant pigs, and that long-term effects of P4 are to increase CTSL expression. However, it is important to note that CTSL is uniquely expressed by chorionic epithelia of placental areolae, which are responsible for uptake and transplacental transport of secretions from the uterine glands into the fetal circulation of species having epitheliochorial and synepitheliochorial types of placentae. These are the first results indicating temporal and cell-specific changes in expression of a gene that is unique to the chorionic epithelia of the areolae and which is strongly suggested to play an important role in endometrial support of conceptus development.
The Inhibitor of Lysosomal Cysteine Proteases, CST3, Is Upregulated in Uterine LE During Pig Pregnancy
Steady-state levels of CST3 mRNA in cyclic and pregnant gilts were very low and unaffected by day or pregnancy status between Days 9 and 15 after onset of estrus (Fig. 3A) . However, CTS3 levels increased 13.3-fold between Days 20 and 40 of pregnancy, and levels remained high through Day 85 of gestation (P , 0.001; Fig. 3A) . In situ hybridization analysis revealed that CST3 mRNA was expressed in unidentified cells scattered throughout the stromal compartment of endometria from Days 12 to 15 of the estrous cycle and pregnancy (Fig.  3B) . In pregnant gilts, these stromal cells were more concentrated within the stratum compactum stroma. In addition, CST3 mRNA was expressed by Tr of conceptuses from Day 15 through Day 25 of gestation (Fig. 3B) . By Day 25 of pregnancy, CST3 mRNA was also abundant in uterine LE, and expression in LE remained high through Day 85 of pregnancy (Fig. 3B) . CST3 mRNA was also present in uterine GE of pregnant pigs, but at low levels in random GE cells of some uterine glands (Fig. 3B) . CST3 protein was localized specifically to uterine LE after Day 30 of pregnancy (Fig. 3C) .
Steady-state levels of CST3 mRNA were not different on Day 15 after onset of estrus in endometria from pigs treated with CO alone or E2 to induce pseudopregnancy (CO alone vs. E2 alone, P . 0.10; Fig. 3D ). However, CST3 mRNA was 31.2-fold greater (P , 0.01) in gilts on Day 90 compared with Day 15 of pseudopregnancy (Fig. 3D) . In situ hybridization analysis revealed that the CST3 mRNA on Day 90 of pseudopregnancy was predominantly in uterine LE (Fig. 3D) .
Interestingly, long-term treatment of gilts with P4 in the absence of E2 decreased CST3 mRNA levels by 2.2-fold (P , 0.05) in pig endometria compared with CO controls (Fig. 3E) . In situ hybridization analysis of tissues from P4-treated pigs provided highly interesting results. The CO-treated control pigs showed robust expression of CST3 mRNA in uterine LE and GE, whereas CST3 mRNA was expressed most abundantly by cells scattered within the stratum compactum stromal compartment directly beneath uterine LE in endometria of pigs treated with P4 (Fig. 3E) .
Collectively, these results indicate that the inhibitor of lysosomal cysteine proteases, CST3, is expressed by cells of the placental Tr and cells scattered within the stratum compactum stroma of the uterine-placental interface in pigs during early pregnancy. Although CST3 is expressed by several cell types during pregnancy, there is a striking increase in expression of CST3 in the uterine LE by Day 25, and expression remains high in LE through the remainder of pregnancy. Results further suggest that hormonal regulation of CST3 in LE is complex and likely requires interactions between E2, P4, and conceptus proteins or other factors.
CTSL1 Is Expressed by Fetal Absorptive Intestinal Epithelium of Fetal Pigs
The transport of proteins across placental areolae has not been studied in detail, but it is likely similar to mechanisms whereby the neonatal gut epithelia transport immunoglobulins directly from colostrum in the lumen of the gut across its epithelium, particularly enterocytes, for release into the circulatory system to establish passive immunity in piglets [42, 43] . Therefore, we examined CTSL mRNA expression in neonatal pigs. In situ hybridization analysis of CSTL1 mRNA in small intestine from a piglet on Day 1 postpartum revealed expression in absorptive epithelium (enterocytes) of villi and, to a lesser extent, cryptal epithelium (Fig. 4C) . Therefore, in addition to being expressed in endometrial GE and placental areolar chorionic epithelium (see Fig. 4, A and B) , CSTL1 mRNA is also expressed in fetal intestinal epithelia where it may be involved in the transport of IgG from colostrum across the intestine epithelium, primarily by enterocytes, into the blood of piglets during the first 24 to 36 h postpartum to establish passive immunity. These results suggest a possible role(s) for CSTL1 in mechanisms for fluid-phase pinocytosis and transport of proteins and perhaps modification of proteins during successful utilization and transport across placental and gut epithelia.
DISCUSSION
Results of the present study establish that CTSB, CTSL1, and CST3 are prominent components of the uterine-placental microenvironment of pigs, and that their temporal and spatial distribution during pregnancy suggests a role(s) in tissue remodeling and transplacental transport of proteins within this environment.
Cysteine proteases are distributed along the entire chorionic epithelium and endometrial LE that compose the uterineplacental interface in pigs. However, expression of CTSB and CTSL1 is higher in the chorion than the LE, particularly after Day 25 of pregnancy. In LE, the expression of these genes is upregulated by exogenous P4 in ovariectomized gilts, but the patterns of expression of these genes in LE are near inverse images of one another during pregnancy. CSTB expression is low in LE throughout the peri-implantation period (approximately Days 12-25 of pregnancy) and thereafter. In contrast, CTSL1 expression in LE is highest during the peri-implantation period but then decreases through the remainder of gestation. Whereas CTSL1 is expressed by the GE throughout the estrous cycle and pregnancy, CSTB is not present in GE. In placentae, neither CSTB nor CTSL1 is expressed through Day 15, but they then increase by Day 20 of pregnancy, after which their patterns of expression diverge. CSTB is abundant in the entire chorion from Days 20 through 85. In contrast, CTSL1 expression is modest in the interareolar chorion but high in the chorionic epithelium that forms areolae.
The CST3 is expressed in the conceptus as early as Day 15, and modest levels of expression are maintained in chorion throughout pregnancy. During the estrous cycle and early pregnancy, CST3 is expressed by individual cells distributed throughout the endometrial stroma that are more concentrated within the stratum compactum stroma of early pregnant than cyclic pigs. These cells become progressively more concentrated just below the basal surface of the LE through Day 25 of pregnancy. However, between Days 25 and 30 of pregnancy, CST3 is expressed at high levels in uterine LE and, to a lesser extent, in GE. High expression in the LE correlates with a redistribution of the CST3-expressing cells within the stromal compartment away from the stratum compactum stroma to throughout the entire endometrium. The regulation of this endometrial gene is complex in that both E2 and P4 appear to regulate CST3 expression. Endometrial expression of CST3 in pseudopregnant pigs was similar to that during pregnancy. On Day 15 of pseudopregnancy, CST3 was limited to cells scattered within the stroma, many of which were concentrated just below the basal surface of LE, but by Day 90 of pseudopregnancy CST3 was expressed by uterine LE. However, when pigs were treated with P4 in the absence of E2 and compared to pigs with no exposure to P4 or E2, P4 alone resulted in the accumulation of CST3-expressing cells within the stratum compactum stroma. In the absence of steroid hormones, CST3 was present in LE and GE. We hypothesize that expression of CST3 in endometrial epithelia is the default state in the absence of E2 or P4 and that increases in concentration of P4 during early pregnancy result in accumulation of unidentified cells that express CST3 within the stratum compactum stroma. Conceptus estrogens secreted between Days 11 and 15 for pregnancy recognition appear to prime the uterine-placental microenvironment to allow long-term P4 exposure, characteristic of pregnancy and psuedopregnancy, to 3 rabbit IgG was substituted for rabbit polyclonal antibody to human CST3. Sections were not counterstained. D) Steady-state levels of CST3 mRNA were not affected by exogenous E2 on Day 15 (CO alone vs. E2 alone, P . 0.10), but E2 increased CST3 mRNA by 31.2-fold (P , 0.01) on Day 90 of pseudopregnancy. In situ hybridization analyses revealed that CST3 mRNA was not detectable in gilts treated with CO or E2 on Day 15 but was expressed predominantly by uterine LE of gilts on Day 90 of pseudopregnancy. E) Steady-state levels of CST3 mRNA decreased (P , 0.05) in response to long-term treatment with exogenous P4. In situ hybridization analysis localized CST3 mRNA to endometrial LE and GE of CO-treated pigs, whereas treatment with P4 decreased CST3 mRNA in LE and GE, and increased mRNA in cells, perhaps of immune cell lineage, just beneath the basal lamina of the LE. Representative autoradiographic images (Biomax-MR; Kodak) show entire cross-sections of the uterine wall from CO-and P4-treated gilt to illustrate that CTS3 mRNA was present in the entire LE. Width of field is 11 and 16 mm, respectively. Width of each field for all other microscopic images is 940 lm. ST, stroma; PPX, pseudopregnant; P4, progesterone treated. *P , 0.05; **P , 0.01.
CTSB, CTSL, AND CST3 EXPRESSION
upregulate CST3 in LE, and redistribute CST3-expressing cells into the uterine stroma.
CTSB, CTSL1, and CST3 are excellent candidate genes to influence fetal development and growth. It is at the interface between the uterus and placenta that there is close apposition between maternal and fetal vasculatures for transplacental transport of micronutrients (e.g., amino acids, glucose) and gases (Fig. 4D) . Extensive remodeling of endometrial and placental tissues is required to provide the close juxtaposition of conceptus and uterine circulations that leads to the establishment of a functional placenta and a successful pregnancy. Pigs have an epitheliochorial placenta; therefore, separation of fetal and maternal blood is always maintained by an elaborate array of endometrial and extraembryonic fetal tissues that represent a potential barrier to nutrient transport from the mother to fetus. Thus, the interhemal distance in pigs   FIG. 4 . CSTL1 is expressed in uterine GE, areolae of the chorionic epithelium (CE) of the placenta, and fetal intestinal epithelium: a model for a role for CTSL1 in transfer of macromolecules from uterine glands to the developing fetus and, in the neonate, from the lumen of the gut into the circulatory system. A) In situ hybridization analysis of CTSL1 mRNA in the uterus of a Day 60 pregnant pig (the areola on the far right and in Fig. 1B are the same) . Corresponding brightfield and darkfield images show an extensive expanse of the uterine-placental interface of pregnancy. CTSL1 mRNA is highly expressed in uterine GE, expressed to a lesser extent in uterine LE, and uniquely expressed in the areolae of CE (note that five areolae evident in these images are labeled with arrows). Width of field is 7.6 mm. ST, stroma; asterisked arrows, areolae; C, cyclic; P, pregnant; PPX, pseudopregnant; P4, progesterone treated. *P , 0.05; **P , 0.01. B) Higher magnification of placental areola from A. There is an abrupt increase in CTSL1 mRNA in CE of the areolae. AE, areolar epithelium. C) In situ hybridization analysis of CTSL1 mRNA in intestine from a Day 1 postpartum piglet revealed that it is highly expressed in the absorptive epithelium (enterocytes) of the intestinal villi (V) and, to a lesser extent, in the intestinal crypts (C). Width of field is 940 lm. E, villi epithelium; M, villi mucosa; S, submucosa; ME, muscularis externa. D) Illustration depicting the uterine-placental microenvironment at placental areolae in relationship to the fetus. Nutrients and gases are transported from the maternal capillaries into the placental capillaries and then to the heart via the umbilical vein for distribution to all tissue of the fetal-placental unit. Macromolecules transported across the areolae also go to the heart via the umbilical circulation for utilization by various tissues and cells. 862 must be minimized with the apposed vascular surface area maximized, and the epithelia modified to facilitate transcellular and paracellular transport of molecules. This is accomplished through: 1) degradation of much of the connective tissue separating the epithelia from the underlying capillary beds; 2) interdigitation of LE with Tr microvilli; 3) increased folding of chorionic ridges with endometrial invaginations; 4) degradation and/or reorganization of epithelial basal lamina and lateral junctions; and 5) and facilitation of intracellular protein posttranslational modifications, packaging into vesicles, transport, and secretion. CTSB, CTSL1, and their inhibitor, CST3, have the potential to influence several of these events.
The primary components of the connective tissue of both the endometrium and placenta are type I collagen and ECM proteins. Therefore, any decrease in the interhemal distance and increase in uterine-placental folding require substantial remodeling of these molecules. Cathepsin B and CTSL1 directly cleave the N-terminal peptides of collagen where covalent cross-links between molecules form. CTSL1 can: 1) activate pro-uPA, resulting in the formation of plasmin, which is a potent activator of collagenases; 2) cleave the ECM protein fibronectin; and 3) degrade the endothelial protein von Willebrand factor [19, 21, 27] . In addition, CTSB can activate MMP3, which has a broad ability to cleave ECM proteins [24] and activate other proteases [26, 27] . The major components of the epithelial basal lamina are laminin, type IV collagen, and fibronectin. CTSB, and in particular, CTSL1, effectively digest each of these proteins into fragments and have been associated with basement membrane destruction [24] . Finally, both CTSB and CTSL1 have cysteine protease activity in secretory vesicles of cells, making these molecules powerful modifiers of proteins that are secreted and transported across the placenta to support development and growth of the conceptus. Indeed, CTSB had been localized to the insulin-containing secretory granules of islet cells and is involved in prorenin processing in the secretory vesicles of juxtaglomerular cells [44] [45] [46] [47] [48] .
Available results from multiple studies and species suggest that endometrial and placental remodeling during placentation requires not only the activity of proteases but also reciprocal interactions of their inhibitors [7, [12] [13] [14] [15] [16] [17] [18] . In pigs, the high expression of CTSB in chorion and CST3 in uterine LE is particularly interesting when considering that this is a species that has epitheliochorial placentation [49] . This interface is subject to extensive tissue remodeling that CTSB in the chorionic epithelium, as well as CTSL1 in the GE are well placed to drive. However, in pigs the uterine LE remains intact, and fetal invasion into the endometrial wall does not occur [6, 8, 10] . It is reasonable to hypothesize that CST3 is expressed by the LE to inhibit, modulate, or redirect the activities of these proteases to allow extensive uterine and placental remodeling but prevent fetal invasion. Similar reciprocal interactions of proteases and their inhibitors have been proposed for species with different forms of placentation [7, [12] [13] [14] [15] [16] [17] [18] . Therefore, it is not surprising that pigs express high levels of this protease inhibitor at the point of contact for fetal invasion (i.e., the uterine LE).
Nutrients, gases and macromolecules, such as those for transport of iron and vitamins, are transferred from the maternal capillaries into the placental capillaries and then are transported to the heart via the fetal venous system for distribution to all fetal-placental tissues [9, [50] [51] [52] . All nutrients transferred across the placenta may be cleared via the kidney and into the bladder, from which they can enter the allantoic sac via the urachus for metabolism, degradation, or reuptake into the placental circulation for redistribution to affect development and function of fetal-placental tissues [53] . In addition to having chorionic epithelium closely applied to the uterine LE, there are specialized epithelial cells of chorionic areolae at the openings of the mouths of uterine glands (Fig. 4D) . These epithelial cells are tall, columnar, and have numerous vacuoles that contain the secretions of uterine glands (uterine milk).
Indeed, the open space between the chorion and LE is filled with uterine milk [49] . The blood supply to the folds of the wall of the areolae form a ring toward the periphery, and the areolar capillaries converge into one or two stem veins, indicating facilitated external inflow of blood into the areola and outflow in a manner different from that of the interareolar regions [10] . This anatomy allows areolae to transport glandular secretions, such as macromolecules, particularly proteins, by fluid-phase pinocytosis across the placenta and into the fetal-placental circulation. It is noteworthy that CTSL1 expression abruptly increases in the cells of the areolar chorion compared with the directly adjacent interareolar chorion, strongly suggesting a role for CTSL1 in the transport of glandular secretion across these regions of placenta. In support of this idea, enterocytes of neonatal pigs also express CSTL. Similar to the role of the areolae of the placenta, epithelial cells of the neonatal gut transport immunoglobulins from the lumen of the gut and into the fetal circulation [37, 54, 55] by fluidphase pinocytosis, also referred to as micropinocytosis [54] to establish passive immunity in piglets. Results of the present study provide the first evidence that CSTL1 is highly expressed by endometrial GE, areolae of the chorionic epithelium, and enterocytes of the neonatal intestine, each of which has a critical role in mechanisms for fluid-phase transport of proteins.
Collectively, our results support the idea that reciprocal interactions between CSTL1, CTSB, and CST3 may be required to remodel endometrial and placental tissues for close apposition between maternal and fetal vasculatures and to facilitate transplacental transport of gases and micronutrients (amino acids, glucose) and macromolecules (proteins) in pigs. Cysteine proteases and their inhibitors may also specifically modify proteins for successful utilization and fluid-phase transport across uterine, placental, and gut epithelia.
